Abstract. We present the results of numerical simulation on the probability of formation of a Hypervelocity Star (HVS) in the scenario of dynamic capture of a close binary system by the central black hole in the Galaxy and on the probability of its survival in the strong tidal field in the vicinity of the black hole. The results have been obtained for a series of pericentric distances. We applied a two-level numerical simulation implemented at first in the framework of the three-body problem used for evaluation of the HVS ejection velocity and then as an N -body approach that allowed us to establish the final status of the star: the degree of its destruction and mass loss. Probability estimations are based on a statistical ensemble of 10 000 initial configurations of the close binary with respect to the orbital phase of the components as well as to the inclination of the binary orbit to the plane of the orbit around the super-massive black hole and on the ensemble of 50 configurations for the three-body and N -body approaches, respectively.
INTRODUCTION
Kinematics of our Galaxy seemed to be quite clear by the beginning of the 21st century, before the discovery of extremely rapid objects by Brown et al. (2005) . Their spatial velocities, of the order of 1000 km s −1 , as well as the reconstruction of ejection origins indicating to the galactic center, do not permit to range these objects with other already known stars with anomalous proper motion, such as high-velocity stars (Carney et al. 1988 ) and runaway stars (Lynn et al. 2004 , Magee et al. 2001 . Both these classes are believed to reflect processes of permanent migration of stars from one galactic subsystem to another, according to the idea about differential rotation of the Galaxy suggested by Lindblad (1927) .
Today we know almost twenty extremely rapid stars integrated in the new class named Hypervelocity Stars (HVSs). As a rule, HVS objects are single B-type stars belonging to the main sequence or to the blue horizontal branch or to blue stragglers, for example, HE 0437-5439 (Brown et al. 2010 ). The main difference between HVS stars and other stars with anomalous kinematics is that the former are objects unbound to the Galaxy. It is noteworthy that the discovery of the HVSs was not a great surprise to astronomers, because a quarter of a century ago they were predicted theoretically by Hills (1988) . He considered the scenario of gravitational capture of one of the components of a close binary system (CBS) by a super-massive black hole, resulting in the second component thrown away from the system with a speed of up to several thousand kilometers per second.
Many other scenarios were suggested to explain the HVS phenomenon, but the most effective of them are the scenarios considering ejection mechanisms with participation of black holes of different masses, including stellar-mass black holes involved in the kick scenario (Miralda-Escude & Gould 2000; O'Leary & Loeb 2008) and inspiralling intermediate-mass black holes (Löckmann & Baumgardt 2008) . It should be noted that, up to now, there is no direct observational evidence for black holes of stellar and intermediate masses, and therefore the scenario by Hills (1988) , where the key role is played by a super-massive black hole (the existence of such an object in our Galaxy is observationally confirmed: Gillessen et al. 2009; Ghez et al. 2008) , is the most probable one.
The goal of our work was to estimate the probability of a star being ejected from the Galactic center with a velocity satisfying the HVS criterion and to evaluate the probability of an HVS's survival in the conditions of strong tidal gravity in a close neighborhood of the super-massive black hole. These probabilities are quite necessary for reliable assessment of the effectiveness of the mechanism of HVS generation in the scenario by Hills (1988) .
THE PROBABILITY OF HVS EJECTION
The passage of a CBS in a close vicinity of the super-massive black hole with the mass of 10 6 M ⊙ was simulated in Newtonian approach in the framework of the three-body problem. We considered the orbits of CBSs with a fixed distance in apocenter, 10 4 R ⊙ , and the distance in pericenter varying in the 85-1250 R ⊙ range. In our previous paper (Dremova et al. 2014) , we emphasize that we deal with model elliptic orbits, their apocenters conventionally replacing the "infinity" from which the CBS enters a parabolic orbit. We demonstrated the correctness of such replacement by additional computations for orbits with a ten times more distant apocenter, 10 5 R ⊙ . The differences between the results obtained with different apocenters are within five-ten percents (Fig. 1) .
We prepared a statistical ensemble of 10 000 various orbital configurations of CBSs accounting for orbital phases of CBS components and the inclination of the internal orbit of the CBS to the orbit of the CBS as a whole with respect to the super-massive black hole. The star MR Cyg from the catalogue by Svechnikov & Perevozkina (1999) was taken as a CBS. Its components are detached and belong to the main sequence. Masses and radii of the components are 4.5 M ⊙ , 2.5 M ⊙ and 4.07 R ⊙ , 3.17 R ⊙ , respectively. The semi-major axis of the CBS is 11.314 R ⊙ , the orbital period being 1.667 d. The computation process is reduced to evaluation of the increment of specific total energy of one of the two CBS components at the time of the completion of just one orbital revolution around the super-massive black hole.
The ejection velocity was estimated from the simple formula: are specific total energies of the primary and secondary components at the time of completion of the orbital revolution and the superscript 0 corresponds to these energies at the initial time. We consider as an HVS the component of the CBS whose energy increment proves to be larger. From the ensemble of 10 4 orbital realizations of the CBS computed for each pericentric distance, we performed selection of N eject events of ejection of one of the CBS components using the criterion v ∞ > 750 km s −1 . The latter value is the escape velocity for the Galaxy center taken from Wu et al. (2008) . Thus, the probability of the ejection of one component of the CBS as an HVS is determined as P eject = N eject /10 000. The ejection statistics and estimated maximal velocities of the ejection depending on the pericentric distance, r p , are presented in Table 1 .
It appears from Table 1 that, when passing at the distance from the supermassive black hole beyond 1100 R ⊙ , ejection events occur seldom: the ejection velocity satisfies the criterion of the formation of an HVS, i.e. exceeds 750 km s −1 , in ∼ 10% of all cases. For close pericentric distances (less than 100 R ⊙ ), the ejection probability increases to 0.9, and the highest ejection velocity can reach 10 000 km s −1 . The most effective region for the generation of HVSs extends to 750 R ⊙ (Fig. 1) , where the maximal velocity falls to 3700 km s −1 . Though the computational range does not intersect the gravitational radius of the supermassive black hole, which is 4.2 R ⊙ , the question arises: what will happen in reality if CBS components are placed in the strong gravity field of the super-massive black hole (merging or destruction of the components or survival of the star)? The threebody approach does not give the answer. That is why simulations considering stars as structured objects were needed.
THE PROBABILITY OF HVS SURVIVAL
It was shown in the previous section that, for "successful" generation of an HVS, effective orbits of the CBS should have a pericenter distance less than 1250 R ⊙ . The closer the CBS passes the super-massive black hole, the larger velocity it can get, but at the same time, it undergoes a stronger tidal influence. This can lead to the destruction or merging of the CBS components rather than to the formation of an HVS. Statistics of these events can be evaluated from calculations based on the Nbody simulation. Here N refers to the number of elements the components of the CBS split into.
Instead of two point-like objects that describe the components of the CBS in the frame of the three-body approach, we introduced 5300 gravity elements (3580 elements for the primary component and 1720 elements the for secondary one). The initial distribution of these elements on mass along the radius of the star corresponds to a polytrope with the index n = 3 according to the solution of the Emden equation.
The constraint prohibiting the structural elements to approach each other closer than the fixed radius was equivalent to gaseous pressure, which was not accounted for in this model explicitly.
The set of motion equations of the structural elements was written in Cartesian coordinates in Newtonian form and was numerically integrated applying the velocity formulation of the algorithm by Verlet & Weis (1972) . A detailed description of this model is given in Dryomova et al. (2014) where the survivability criterion was found from a series of simulations of a single star passing near the super-massive black hole at various pericentric distances in the 85−1500 R ⊙ range. The criterion is: if the mass loss of the star exceeds 25 %, the star is considered destroyed.
We thus use a simple model of the CBS, taking into account the finite sizes of the stellar components, to assess the level of their destruction. For each pericenter distance, we accumulated statistics including 50 different realizations of the initial configurations of the CBS, i.e. arbitrary assignment of the orbital phase of the CBS components and spatial orientation of the internal CBS orbit with respect to the orbit around the super-massive black hole. Table 2 summarizes the simulation results using such characteristics of the destruction as the degree of mass loss by the components (in percents) and the Table 2 . Disruption characteristics of the CBS components (MR Cyg being the prototype) passing near a super-massive black hole with a mass of a million solar masses at pericentric distances rp = 85 R⊙, 150 R⊙, 300 R⊙, 500 R⊙ and 1000 R⊙ and the probability estimate of the HVS survival depending on rp. For other designations, see the text. outcome of the process: merging components (marked as 'M'), tidal destruction of both components with mass loss larger than 25% (designated 'D'), ejection of an HVS, with the component specified ('E1', or 'E2', or 'E' for the case of equal probabilities). Statistics of the final state allows us to evaluate the probability of the survival of one of the CBS components during its release from the gravitational field of the super-massive black hole as an HVS object.
For the pericenter distance r p = 85 R ⊙ , the survival probability is P s = 0.6, that is, in 30 of the 50 tests one of the components survives at high-speed ejection from the surroundings of the super-massive black hole, and in 25% of all cases, the satellite escapes. The statistics of ejections increases with increasing pericenter distance: when passing at a distance of 150 R ⊙ , in 45 of the 50 cases, there occurs an ejection of one of the CBS components, and only in five cases, tidal perturbations lead to merging of the components, i.e. the survival probability is P s = 0.89.
When moving the pericenter to a distance of 300 R ⊙ , the P s value changes a little (∼ 0.86), but the effect of tidal perturbations in the cases unfavorable for the HVS survival is different. Now there is no merging of the CBS components but their destruction.
An interesting effect is found for the orbits with a pericenter distance of 1000 R ⊙ : the number of events unfavorable for HVS survival increases by a factor of three, i.e. in 15 of 50 cases, the destruction of the CBS components takes place. This is explained by the manifestation of the "cumulative" effect of tidal influence of the super-massive black hole. When passing at a considerable distance from the super-massive black hole, the components are not immediately destroyed, but the internal CBS orbit undergoes gradual deformation that first leads to a collision of the components, then to their merging and subsequent disintegration. Thus, the survival probability of the HVS in its passage at a pericenter distance of 1000 R ⊙ is 0.7. Beyond the pericenter point of 1500 R ⊙ (the calculations were carried out to 7500 R ⊙ ), the survival probability of the star during its ejection as an HVS is equal to unity. However, here we should remember that, at the distance of 1250 R ⊙ and beyond, the probability of the HVS creation is zero. Figure 2 shows some examples of the final states of the CBS after the pericenter passage near the super-massive black hole, obtained in the calculations with different initial orbital configurations of the CBS and for different pericentric distances. Numbers refer to the series of computations presented in Table 2 . Table 3 . Survival probability for a star released from the neighborhood of a supermassive black hole with a velocity satisfying the criterion of an HVS. 
CONCLUSIONS
In this work, we tried to evaluate the probabilities for the scenario by Hills (1988) . This required a series of routine calculations simulating a close passage of a close binary system (prototype MR Cyg) in the close vicinity of a super-massive black hole. Three-body and N-body approaches have been applied. The results allowed us to estimate the survival probability for an HVS in the conditions of extreme tidal forces in the vicinity of a super-massive black hole provided that the ejection velocity satisfies the HVS criterion, v ∞ > 750 km s −1 (Table 3 ). It appears from Table 3 that the probability of HVS generation in the close vicinity of a super-massive black hole with the mass 10 6 M ⊙ , simulated in the scenario by Hills (1988) , is close to 0.5, indicating viability of this mechanism. In the future, we plan to explore wide binary systems as candidates for HVS generation and to evaluate the ultimate pericentric distances at which HVS ejection is still possible.
